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FRICTION  AND  WEAR  OF  METALS  WITH  A  SINGLE-CRYSTAL  ABRASIVE  GRIT 
OF  SILICON  CARBIDE  -  EFFECT  OF  SHEAR  STRENGTH  OF  METAL 
by  Kazuhisa  Miyoshi*  and  Donald  H.  Buckley 
Lewis  Research  Center 

SUMMARY 

An  investigation  was  conducted  to  examine  the  removal  and  plastic  deformation  of 
metal  as  a  function  of  the  metal  properties  when  the  metal  is  in  sliding  contact  with  a 
single  -crystal  abrasive  grit  of  silicon  carbide.  Also  examined  was  the  friction  force 
in  sliding  relative  to  the  metal  properties. 

Four  sets  of  sliding  friction  experiments  were  conducted.  In  the  first  two  sets, 
spherical  silicon  carbide  riders  slid  on  flat  metal  surfaces:  one  set  in  dry  argon,  and 
the  second  set  in  oil.  hi  the  second  two  sets  of  experiments,  spherical  metal  riders  slid 
on  flat  silicon  carbide  surfaces:  again  one  set  in  dry  argon,  and  the  second  set  in  oil. 
Single-pass  sliding  experiments  were  conducted  at  25°  C  with  loads  of  5  to  40  grams 
(0.  049  to  0.  39  N)  at  a  sliding  velocity  of  3x10 m/min  with  a  total  sliding  distance  of 
3  millimeters. 

The  results  of  the  investigation  indicate  that  the  friction  force  in  the  plowing  of  the 
metal  and  the  groove  height  (corresponding  to  the  volume  of  the  groove)  are  related 
to  the  shear  strength  of  the  bulk  metal.  That  is,  they  decrease  linearly  as  the  shear 
strength  of  the  bulk  metal  increases.  Grooves  are  formed  in  metals  primarily  from 
plastic  deformation,  with  occasional  metal  removal.  The  relation  between  the  groove 
width  D  and  the  load  W  can  be  expressed  by  W  =  kDn,  which  satisfies  Meyer's  law. 


INTRODUCTION 

Abrasive  wear  is  the  mechanism  involved  in  the  finishing  of  many  surfaces.  Filing, 
sanding,  lapping,  and  grinding  of  surfaces  all  involve  abrasive  wear. 

*  Assistant  Professor  of  Precision  Engineering,  Kanazawa  University,  Kanazawa, 
Japan;  National  Research  Council  -  National  Aeronautics  and  Space  Administration 
Research  Associate. 


Khrushchov,  and  Babichev  (ref.  1)  found  that  the  resistance  of  metals  to  abrasive 
wear  was  related  to  their  relative  static  hardness  under  two -body  conditions;  that  is,  it 
was  inversely  proportional  to  the  Vickers  hardness  Hy  of  the  initial  annealed  metal  to 
a  Vickers  hardness  of  430  (tungsten).  Avient,  Goddard,  and  Wilman  (ref.  2)  theoreti¬ 
cally  and  experimentally  indicate  that  the  resistance  of  metals  to  abrasive  wear  was  in¬ 
versely  proportional  to  the  Vickers  hardness  of  the  fully  work -hardened  surface  region 
on  abraded  metal  at  a  Hy  of  about  250.  Similar  results  have  been  obtained  by 
Rabinowicz,  Dunn,  and  Russell  (ref.  3)  under  three-body  conditions.  No  attempt,  how¬ 
ever,  has  been  made  to  explain  in  detail  abrasive  wear  and  friction  in  terms  of  the  me¬ 
chanical  properties  of  metals  such  as  shear  strength.  Further,  there  is  a  great  lack  of 
fundamental  information  relative  to  the  friction  energy  dissipated  in  abrasive  wear  pro¬ 
cesses.  Such  information  can  lead  to  reducing  the  energy  consumed  in  such  operations 
as  grinding. 

The  present  investigation  examined  the  removal  and  plastic  deformation  of  metal  in 
sliding  contact  with  single  -crystal  abrasive  grit  of  silicon  carbide  as  a  function  of  such 
metal  properties  as  shear  strength.  Riders  of  0.025-  and  0.040-millimeter-radius 
spherical  silicon  carbide  were  used  to  simulate  abrasive  grit.  The  friction  force  in  slid¬ 
ing  was  also  examined  relative  to  the  metal  properties. 

Four  sets  of  experiments  were  conducted.  In  the  first  two  sets,  spherical  silicon 
carbide  riders  slid  on  flat  metal  surfaces:  one  set  in  dry  argon,  and  the  second  set  in 
oil.  In  the  second  two  sets  of  experiments,  spherical  metal  riders  slid  on  flat  silicon 
carbide  surfaces:  again  one  set  in  dry  argon,  and  the  second  set  in  oil.  The  first  two 
sets  and  the  associated  specimen  configuration  are  such  that  friction  and  wear  of  the 
metals  arise  primarily  from  shearing  at  the  interface  or  in  the  metal  and  from  plowing 
in  the  metal.  The  second  two  sets  and  the  associated  specimen  configuration  are  such 
that  friction  and  wear  of  the  metals  arise  primarily  from  shearing  at  the  interface  or  in 
the  metal.  Single-pass  sliding  experiments  were  conducted  at  25°  C  with  loads  of  5  to 
40  grams  (0. 049  to  0. 39  N)  at  a  sliding  velocity  of  3x10 m/min  with  a  total  sliding  dis¬ 
tance  of  3  millimeters. 


SYMBOLS 

p 

A  projected  area  of  contact,  7rD  /8 
D  width  of  a  groove  (wear  track) 

H  height  of  a  groove  (wear  track) 

Hy  Vickers  hardness 

k  constant  for  material 


2 


k'  constant  for  material 

m  constant  for  material 

n  constant  for  material  (Meyer's  index) 

P  contact  pressure  during  sliding,  W/A 

r  radius  of  spherical  rider 

W  normal  load 


MATERIALS,  APPARATUS,  AND  EXPERIMENTAL  PROCEDURE 

The  single -crystal  silicon  carbide  used  in  these  experiments  was  a  99. 9-percent- 
pure  compound  of  silicon  and  carbon  and  had  a  hexagonal,  close -packed  crystal  structure. 
The  Knoop  hardness  was  2954  in  the  ( 1010)  direction  and  2917  in  the  ( 1120)  direction  on 
the  basal  plane  of  silicon  carbide  (ref.  4).  The  titanium  was  99. 97  percent  pure,  and  the 
copper  was  99. 999  percent  pure.  All  the  other  metals  were  99. 99  percent  pure,  as 
shown  in  table  I. 

The  apparatus  used  in  this  investigation  is  shown  schematically  in  figure  1.  The 
apparatus  is  described  in  reference  5. 


Specimen  Preparation 

The  surfaces  of  the  single  -crystal  silicon  carbide  and  metal  pin  specimens  (riders) 
were  hemispherical  and  were  polished  with  approximately  3 -micrometer -diameter  dia¬ 
mond  powder  and  then  1 -micrometer -diameter  aluminum  oxide  (AlgOg)  powder.  The 
radii  of  curvature  of  the  silicon  carbide  spherical  riders  were  0. 04  and  0. 025  millimeter 
as  shown  in  figure  2.  The  orientations  of  the  single  -crystal  silicon  carbide  riders  are 
also  shown  in  figure  2.  The  radius  of  curvature  of  all  the  metal  riders  was  0. 79  milli¬ 
meter  (1/32  in. ).  The  surfaces  of  both  the  silicon  carbide  and  metal  disk  specimens 
were  also  polished  with  3 -micrometer -diameter  diamond  powder  and  then  1 -micrometer - 
diameter  aluminum  oxide  powder. 


Test  Procedure 

Both  the  silicon  carbide  and  metal  surfaces  were  rinsed  with  200 -proof  ethyl  alcohol 
before  use.  The  friction  experiments  were  single  pass  over  a  total  sliding  distance  of 
3  millimeters  at  a  sliding  velocity  of  3  millimeters  per  minute.  They  were  conducted  in 
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dry  argon  (HgO  <  20  ppm)  at  atmospheric  pressure  and  in  degassed  mineral  oil.  Typical 
properties  of  the  mineral  oil  appear  in  table  n.  All  the  experiments  were  conducted  at 
25°  C. 

The  widths  of  the  grooves  (wear  tracks)  reported'  herein  were  obtained  by  averaging 
measurements  of  10  surface -profile  records. 


RESULTS  AND  DISCUSSION 

Friction  and  Wear  of  Metal  Surfaces  in  Contact  with  Silicon  Carbide 
Rider  in  Argon  at  Atmospheric  Pressure 

Sliding  friction  experiments  were  conducted  with  0. 04 -millimeter -radius  spherical 
silicon  carbide  riders  in  contact  with  disk  surfaces  of  various  metals  in  argon  at  atmos¬ 
pheric  pressure.  The  sliding  involves  plastic  flow  and  the  generation  of  metal  wear  de¬ 
bris,  typical  examples  of  which  are  shown  in  figures  3  to  5.  Figure  3  shows  a  typical 
scanning  electron  micrograph  and  surface  profile  of  a  wear  track  (groove)  made  on  an 
iron  surface  by  the  sliding  of  a  silicon  carbide  rider.  (Surface  profiles  were  recorded 
by  a  surface  profilometer. )  Figure  3  reveals  that  the  sliding  action  resulted  in  a  per¬ 
manent  groove  in  the  metal  surface,  with  considerable  deformed  metal  piled  up  along  the 
sides  of  the  groove.  More  detailed  examination  of  this  groove  revealed  further  evidence 
of  metal  wear  debris,  as  shown  in  figure  4.  The  wear  debris  particles  are  generated 
primarily  on  the  sides  of  the  wear  track.  Moreover,  examination  of  the  surface  of  the 
silicon  carbide  rider  revealed  transferred  metal  wear  particles,  as  shown  in  figure  5. 
Figure  5(a)  presents  a  scanning  electron  micrograph  of  the  surface  of  the  silicon  carbide 
rider  at  its  tip  after  it  had  slid  on  an  iron  surface.  The  X-ray  energy  dispersive  anal¬ 
ysis  for  iron  on  the  silicon  carbide  surface  is  presented  in  figure  5(b);  the  concentrations 
of  white  spots  correspond  to  the  wear  particles  of  iron  transferred. 

Thus,  the  foregoing  typical  results  reveal  that  both  plastic  deformation  of  metal  and 
the  generation  of  metal  wear  debris  occur  as  a  result  of  sliding  friction  between  a  spher¬ 
ical  silicon  carbide  rider  and  a  metal  surface.  The  amount  of  metal  removed,  however, 
was  very  much  less  than  the  volume  of  the  groove  (wear  track)  plowed  out  by  the  silicon 
carbide  rider.  Avient,  et  al.  (ref.  2)  indicate  that  abrasion  on  dry  emery  leads  to  an 
amount  of  wear  (metal  removal)  corresponding  to  only  about  10  percent  of  the  volume  of 
the  grooves  plowed  out  by  the  abrasives. 

Figure  6  is  a  schematic  representation  of  the  lateral  and  longitudinal  cross- 
sectional  views  of  a  groove.  The  width  D  and  height  H  of  a  groove  (wear  track  width 
and  height)  are  defined  in  figure  6.  Contact  pressure  P  during  sliding  may,  then,  be 
defined  by  P  =  W/A,  where  W  is  the  applied  normal  load  and  A  is  the  projected  area 
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of  contact  and  is  given  by  A  =  jtD  /8  (only  the  front  half  of  the  rider  is  in  contact  with  the 
flat  specimen). 

The  groove  widths  D  generated  by  a  0.  04 -millimeter -radius  silicon  carbide  rider 
are  presented  for  a  number  of  metals  in  figure  7  as  a  function  of  the  applied  load.  The 
relation  between  D  and  the  load  W  can  be  expressed  by  W  =  kDn,  which  is  known  as 
Meyer’s  law  (ref.  6).  The  value  of  n  as  determined  herein  for  cubic  and  hexagonal 
metals  lies  between  2. 0  and  2. 2,  except  for  titanium  and  zirconium.  With  titanium  and 
zirconium,  n  is  near  2.  8.  The  n-value  of  titanium  and  zirconium  may  differ  from  those 
of  other  hexagonal  metals  because  titanium  and  zirconium  do  not  slip  predominantly  on 
the  basal  planes  (slip  plane,  (0001);  slip  direction,  ( 1120) )  such  as  do  the  metals  mag¬ 
nesium,  cobalt,  and  rhenium.  Titanium  and  zirconium  slip  predominantly  on  the  pris¬ 
matic  planes  (slip  plane;  (1010),  slip  direction;  (1120) )  during  plastic  deformation. 

With  a  spherical  silicon  carbide  rider  (radius,  0. 04  mm),  the  metal  groove  is 
formed  primarily  from  plastic  deformation  of  the  metal,  and  metal  removal  occurs  occa¬ 
sionally  along  the  sides  of  the  groove. 

The  groove  height  H  (peak -to -valley  height  of  the  groove)  was  also  measured  from 
the  profile  records,  as  already  shown  in  figure  3.  The  groove  heights  generated  with  the 
0. 04 -millimeter -radius  silicon  carbide  rider  are  presented  for  a  number  of  metals  in 
figure  8  as  a  function  of  the  applied  load.  The  relation  between  H  and  the  load  W  can 
be  expressed  by  W  =  k'Hm,  where  k’  and  m  are  constants  for  the  metal  under  exami¬ 
nation.  The  value  of  m  for  cubic  and  hexagonal  metals  lies  between  1. 1  and  1. 2. 

Figure  9  presents  the  coefficients  of  friction  and  the  groove  heights  for  various 
metals  after  sliding  experiments  at  a  load  of  20  grams  in  argon  at  atmospheric  pressure. 
There  is  no  obvious  correlation  between  coefficient  of  friction  and  contact  pressure 
(P  =  W/A),  which  depends  on  the  metal  properties.  The  relationship  between  groove 
height  and  contact  pressure  is  a  nearly  linearly  decreasing  one,  but  the  rate  of  decrease 
(slope)  changes  at  a  contact  pressure  of  about  300  kg/mm  .  These  results  are  com¬ 
parable  to  those  obtained  by  Avient,  Goddard,  and  Wilman  (ref.  2)  for  various  metals 
initially  wet  abraded  on  no.  3  emery  paper  and  then  slid  under  a  300-gram  load  on  dry 
grade-3  emery  paper  (particles  of  150 -^m  mean  diameter).  Avient,  et  al. ,  established 
that,  for  Vickers  hardness  Hy  of  the  abraded  metal  to  about  250,  the  inverse  of  the 
abrasive  wear  rate  is  approximately  proportional  to  Hy  but  that  the  mean  locus  appears 
to  curve  upward  away  from  the  Hy  axis  at  higher  Hy.  Thus,  the  results  of  figure  9 
are  similar  to  those  obtained  by  Avient,  et  al.  (ref.  2)  in  the  full-scale  wear  test. 

The  stress  in  the  metal,  if  the  stress  is  applied  to  only  a  very  small  area  of  the  con¬ 
tacting  surface,  is  evidently  complicated.  Therefore,  the  shear  and  flow  properties  of 
the  metal  in  abrasive  wear  processes  have  been  indirectly  expressed  by  means  of  static 
Vickers  hardness  (refs.  1  and  2);  scratch  hardness  (ref.  7);  mean  stress  supporting  load 
(ref.  8);  contact  pressure  (fig.  9);  plowing  stress  (ref.  7);  mean  stress  opposing  sliding 
(ref.  8);  and  so  on. 
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On  the  other  hand,  the  anisotropies  of  deformation  and  friction  of  single  crystals  in 
the  abrasive  wear  processes  have  been  explained  in  terms  of  the  distribution  of  resolved 
shear  stresses  acting  on  the  slip  systems  in  crystals  during  sliding  (ref.  9).  The  con¬ 
cept  of  shear  stress,  however,  has  been  only  slightly  related  to  the  abrasive  friction- 
and-wear  properties  of  polycrystalline  metals  because  the  mechanism  of  deformation  is 
quite  complicated. 

The  ultimate  shear  strength  of  metals  is  very  strongly  dependent  on  the  mean  con¬ 
tact  pressure,  as  shown  in  figure  10  (ref.  10).  Figure  10  presents  the  ultimate  shear 
strengths  of  various  metals  measured  at  mean  hydrostatic  pressures  of  100  to  500  kg/ 

O 

nun  .  The  ultimate  shear  strength  of  a  metal  is  increased  with  increasing  applied  hy¬ 
drostatic  pressure. 

Figure  11  presents  the  coefficients  of  friction  and  the  groove  heights  for  various 
metals  as  a  function  of  shear  strength.  The  shear  strength  was  estimated  from  the 
contact -pressure  data  in  figure  9  by  using  the  relation  between  hydrostatic  pressure  and 
shear  strength  shown  in  figure  10.  The  relation  between  the  groove  height  and  the  shear 
strength  of  the  metal  shows  that  H  decreases  linearly  with  shear  strength,  except  for 
molybdenum  and  tungsten,  which  have  the  greatest  shear  strengths. 

A  correlation  between  coefficient  of  friction  and  shear  strength  is  not  clear  from 
figure  11.  The  coefficient  of  friction  in  figure  11  may  be  governed  by  two  factors: 

(1)  shearing  at  the  interface  and  (2)  plowing  in  the  metal.  The  shearing  force  at  the  in¬ 
terface  in  dry  friction  is  comparable  in  magnitude  to  the  plowing  force  in  the  metal  and 
depends  on  the  nature  of  the  interface.  It  is,  therefore,  anticipated  that  there  is  no  ob¬ 
vious  relationship  between  coefficient  of  friction  and  shear  strength  in  figure  11  because 
the  coefficient  of  friction  is  strongly  influenced  by  variations  of  shearing  force  at  the  in¬ 
terface.  This  subject  is  discussed  more  fully  in  succeeding  sections. 


Friction  of  Metal  Riders  Sliding  on  Silicon  Carbide  Disks 

Sliding  friction  experiments  were  conducted  with  spherical  metal  riders  in  contact 
with  disks  of  silicon  carbide  (0001)  surface  in  both  argon  at  atmospheric  pressure  and  in 
mineral  oil.  The  friction  data  for  various  metals  are  presented  in  figure  12. 

In  argon  at  atmospheric  pressure,  the  metal  rider  slides  on  the  silicon  carbide  disk 
and  shearing  at  the  interface  is  primarily  responsible  for  the  friction  behavior  observed. 
The  coefficients  of  friction  in  argon  at  atmospheric  pressure  are  all  less  than  0. 2.  The 
metals  exhibit  a  variation  in  friction,  as  anticipated  in  the  preceding  section. 

The  results  of  figure  11,  in  which  the  silicon  carbide  rider  plowed  a  groove  in  the 
metal  surface,  reveal  that  shearing  at  the  interface  and  plowing  of  the  bulk  metal  are 
responsible  for  the  friction  behavior  observed.  The  shearing  force  is  approximately 
the  same  as  the  plowing  force;  this  is  arrived  at  by  comparing  the  results  in  figures  11 
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and  12,  except  those  for  magnesium,  aluminum,  and  zirconium.  Although  the  shearing 
force  at  the  interface  and  the  plowing  force  are  usually  separable,  with  magnesium, 
aluminum,  and  zirconium,  shearing  at  the  interface  and  plowing  of  the  metal  seem  to 
interact  and  are  not  separable  in  figure  11. 

On  the  other  hand,  the  coefficients  of  friction  in  oil  are  all  approximately  0. 05.  The 
variation  in  friction  for  various  metals  is  negligibly  small.  It  is,  therefore,  anticipated 
that  sliding  experiments  in  oil,  in  which  a  hard  silicon  carbide  rider  plows  a  groove  in  a 
metal  surface,  may  reveal  a  relationship  between  the  coefficient  of  friction  and  a  prop¬ 
erty  of  the  bulk  metal  such  as  shear  strength. 


Friction  and  Wear  of  Metal  Surfaces  in  Contact  with  Silicon  Carbide  Rider  in  Oil 

Sliding  friction  experiments  were  conducted  with  0.  04 -millimeter -radius  spherical 
silicon  carbide  riders  in  contact  with  surfaces  of  various  metal  disks  in  mineral  oil. 
Figure  13  presents  the  coefficient  of  friction  and  the  groove  height  for  various  metals  at 
a  load  of  20  grams.  In  figures  13(a)  and  (b)  the  coefficient  of  friction  and  the  groove 
height  correlate  with  the  shear  strength  of  the  metal,  except  for  molybdenum  and  tung¬ 
sten,  as  might  be  anticipated  from  figure  9.  The  relationship  between  the  coefficient  of 
friction  and  the  shear  strength  is  a  linearly  decreasing  one  as  is  the  relationship  between 
groove  height  and  shear  strength.  Figure  13(c)  presents  the  relationship  between  the 
contact  pressure  during  sliding  and  the  shear  strength  estimated  from  the  contact- 
pressure  data  by  using  the  relation  of  figure  10.  The  contact  pressure  is  approximately 
proportional  to  the  shear  strength. 

In  the  results  in  figure  13,  however,  molybdenum  and  tungsten  were  exceptions. 

With  these  metals  the  grooves  produced  by  plowing  of  the  rider  were  the  smallest  for  all 
the  metals.  There  may  be  a  lower  limit  to  the  validity  of  the  correlation  between  the  co¬ 
efficient  of  friction  or  the  groove  height  and  the  shear  strength.  This  lower  limit  seems 
to  depend  (1)  on  the  geometry  of  the  rider,  that  is,  the  radius  of  the  spherical  rider,  and 
(2)  on  the  load.  A  ratio  of  groove  width  to  rider  radius  of  about  0. 25  may  be  the  lower 
limit  of  the  validity  in  figure  13. 

Sliding  friction  experiments  were  also  conducted  with  a  spherical  silicon  carbide 
rider  having  a  smaller  radius  (0. 025  mm)  in  contact  with  a  metal  disk  in  mineral  oil. 

The  coefficients  of  friction,  the  groove  heights,  and  the  contact  pressures  are  presented 
as  a  function  of  shear  strength  in  figure  14.  Because  large  grooves  were  produced  in 
magnesium,  aluminum,  copper,  zirconium,  andiron,  experiments  with  these  metals 
were  conducted  at  a  load  of  5  grams.  Because  relatively  smaller  grooves  were  produced 
in  titanium,  nickel,  rhodium,  molybdenum,  and  tungsten,  experiments  with  these  metals 
were  conducted  at  a  load  of  20  grams. 
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In  figure  14,  the  coefficient  of  friction  and  the  groove  height  correlate  with  the  shear 
strength  of  the  metal,  and  the  relationships  are  approximately  linearly  decreasing  ones 
without  exception.  In  this  experiment,  the  ratio  of  the  groove  width  to  the  rider  radius 
D/r  ranged  from  about  0. 36  to  0.  5.  Thus,  the  coefficient  of  friction,  particularly  the 
plowing  term  in  that  coefficient,  and  the  groove  height  corresponding  to  the  groove  vol¬ 
ume  may  be  governed  by  two  factors:  (1)  the  shear  strength  at  the  interface  and  (2)  the 
shear  strength  of  the  bulk  metal.  In  figure  14,  the  contact  pressure  is  nearly  propor¬ 
tional  to  the  shear  strength  of  the  metal. 


CONCLUSIONS 

As  a  result  of  sliding  friction  experiments  conducted  with  spherical  single -crystal 
silicon  carbide  riders  in  sliding  contact  with  various  metals  and  with  metal  riders  slid¬ 
ing  against  silicon  carbide  flats  -  to  allowing  for  the  separation  of  shearing  and  plowing 
effects  in  sliding  -  the  following  conclusions  were  drawn: 

1.  Both  the  friction  force  in  the  plowing  of  the  metal  and  the  groove  height  corre¬ 
sponding  to  the  groove  volume  are  related  to  the  shear  strength  of  the  metal;  that  is, 
they  decrease  linearly  with  the  ultimate  shear  strength  of  the  bulk  metal. 

2.  Grooves  are  formed  in  metals  primarily  from  plastic  deformation,  with  occa¬ 
sional  metal  removal. 

3.  The  relationship  between  the  groove  width  D  and  the  applied  load  W  can  be  ex¬ 
pressed  by  W  =  kDn,  which  satisfies  Meyer’s  law.  The  value  of  n  for  cubic  and  hex¬ 
agonal  metals  lies  between  2. 0  and  2. 2,  except  for  titanium  and  zirconium.  For  titanium 
and  zirconium,  n  is  near  2.  8. 

Lewis  Research  Center, 

National  Aeronautics  and  Space  Administration, 

Cleveland,  Ohio,  April  27,  1978, 

506-16. 
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TABLE  I.  -  CRYSTALLINE,  PHYSICAL,  AND  CHEMICAL  PROPERTIES  OF  METALS 


Metal 

Purity, 

percent 

(a) 

Crystal  structure 
at  25°  C 
<b) 

Lattice 

constant, 

o 

A 

(10'10  m) 
(b) 

Cohesive  energy 

Shear  modulus 

J/(g)(atom) 

kcal/(g)(atom) 

Pa 

kg/cm2 

Iron 

99.99 

Body -centered  cubic 

a  =  2.  8610 

416X103 

99.4 

8. 15x10*° 

0. 831±0. 006x10 "6 

Chromium 

a  =  2.8786 

395 

94.5 

11.7 

1.19 

Molybdenum 

a  =  3. 1403 

657.3 

157.1 

11.6 

1.18 

Tungsten 

a  =  3.1586 

835.5 

199.7 

15.3 

1.  56±0. 04 

Aluminum 

Face -centered  cubic 

a  =  4.  0414 

322 

76.9 

2.66 

0. 271±0.  001 

Copper 

99.999 

a  =  3.  6080 

338 

80.8 

4.51 

0. 460±0. 015 

Nickel 

99.99 

a  =  3.5169 

428.0 

102.3 

7.50 

0.765 

Rhodium 

1 

a  =  3. 7956 

556.5 

133.0 

14.7 

1. 50±0.  03 

Magnesium 

Hexagonal  close -packed 

a  =  3.2022 

148 

35.3 

1.74 

0.177 

c  =  5.1991 

Zirconium 

a  =  3.223 

609.6 

145.7 

3.41 

0. 348±0. 008 

c  =  5. 123 

Cobalt 

a  =  2.507 

425.5 

101.7 

7.64 

0.779 

c  =  4.  072 

Titanium 

99.97 

a  =  2.953 

469.4 

112.2 

3.93 

0.401±0.  005 

c  =4.729 

Rhenium 

99.99 

a  =  2.7553 

779.1 

186.2 

17.9 

1.82 

c  =4.4493 

Manufacturer's  analysis. 
bFrom  ref.  11. 
cFrom  ref.  12. 


TABLE  H.  -  MINERAL  OIL  PROPERTIES21 


Chemical  type . 

.  Naphthenic  mineral  oil 

Viscosity,  m^/sec  (eS): 

At  38°  C . 

....  73.4x10”®  (73.4) 

At  99°  C . 

....  8. 35X10-6  (8.  35) 

Specific  gravity: 

At  16°  C . 

. 0.880 

At  25°  C . 

. .  0.875 

Pour  point,  °C . 

. -18 

Flashpoint,  °C . 

. 224 

Manufacturer's  analysis. 
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Crystal  orientation 


(a)  0.04-Millimeter-radius  rider. 


Crystal  orientation 


(b)  0.025-Millimeter-radius  rider. 
Figure  2.  -  Spherical  silicon  carbide  riders. 
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m  .rasts 


Sliding  direction 


(a)  Scanning  electron  micrograph 


(b)  Surface  profile.  Load,  30  grams. 


gure  3.  -  Groove  on  iron  surface.  Single-pass  sliding  of  0.04-millimeter-radius  silicon 
carbide  rider;  sliding  velocity,  3  mm/min;  load,  30  grams  (0.29  N);  temperature,  25°  C; 
environment,  argon;  pressure,  atmospheric. 


Figure  4.  -  Iron  wear  debris  and  grooves  on  iron  surface.  Single-pass  sliding  of 
0.04-millimeter-radius  silicon  carbide  rider;  sliding  velocity,  3  mm/min;  load, 
25  grams  (0.25  N);  temperature,  25°  C;  environment,  argon;  pressure, 
atmospheric. 


(a)  Iron  wear  debris  transferred  to  silicon  carbide 


(b)  Iron  Ka  X-ray  map  of  silicon  carbide;  S.SxlO'3  counts. 


Figure  5.  -  Iron  wear  debris  transferred  to  silicon  carbide  surface  as  a  result  of  single 
pass  of  0.04-millimeter-radius  silicon  carbide  rider.  Sliding  velocity,  3  mm/min;  load, 
25  grams  (0.25  N);  temperature,  25°  C;  environment,  argon;  pressure,  atmospheric. 


' 


Rider 


t 


Sliding  direction  of  rider,  F 


Figure  6.  -  Deformation  of  metal. 
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Groove  height,  H,  mm 


height,  Hr  mm  Average  coefficient  of  friction 


Ultimate  shear  strength,  kg/mm 


2  3  4  5xlO?  1  2  3 

Hydrostatic  pressure.  Pa 


200  300  400  500  100  200  300 

Hydrostatic  pressure,  kg/mm2 


J 

4C 


(a)  Body-centered  cubic  metals.  (b>  Face-centered  cubic  metals 

14xl09 


100  200  300  400  500 

Hydrostatic  pressure,  kgfmm2 

(cl  Hexagonal  close-packed  metals. 

Figure  10.  -  Shear  strength  as  a  function  of  hydrostatic  pressure  for  various  metals.  (From  ref.  10.  > 


Groove  height,  H,  mm  Average  coefficient  of  friction 


Average  coefficient  of  friction 
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